1. Introduction {#Section1}
===============

Controlled delivery of proteins into cells is a key tool for biological research and therapeutic applications [@B1]. Intracellular delivery of recombinant proteins has fast-acting consequences [@B2], [@B3] and has been successfully demonstrated as a potential strategy for handling a wide range of diseases [@B4]. However, trafficking protein species across the cellular membrane is a challenge, and as such nearly all commercially available protein therapeutics have been employed against extracellular targets. Intracellular delivery presents a major hurdle to the applicability of these therapeutic approaches, and advancements in this field would substantially broaden the utility of protein therapeutics. The challenges associated with intracellular delivery of recombinant proteins are in large part due to membrane impermeability. Endosomal uptake provides a means of overcoming this barrier, but presents an even greater obstacle for most applications, with the exception of lysosomal diseases, through entrapment followed by endo/lysosomal degradation pathways [@B5], [@B6]. Cytosolic delivery is required for general intracellular activity, as well as for therapeutics targeted at specific organelles, such as the nucleus (for genome editing [@B7], [@B8] or antisense therapy [@B9]), and mitochondria (for pro-apoptotic anticancer drugs [@B10]). Platforms capable of cytosolic delivery of protein-based therapeutics would provide new strategies for addressing diseases associated with cancer [@B11], inflammatory diseases [@B12], diabetes [@B13], and neurodegenerative [@B14] and oxidative stress-related disorders (Figure [1](#F1){ref-type="fig"}) [@B15].

Given the potential impact of intracellular protein therapeutics, the development of effective delivery systems for proteins has been an intense focus for research. Either direct delivery into the cytosol or escape from endosomal pathways has, however, remained a challenge due to numerous factors, including the charge [@B16], molecular weight, and polarity of proteins [@B17], as well as biocompatibility of carriers [@B18] and the necessity to maintain structure and activity in many delivery cargos [@B19], [@B20].

Due to the challenges presented by protein delivery into cells, researchers have introduced proteins of interest indirectly by delivering their respective nucleic acids (DNA or mRNA) [@B21], [@B22], allowing the cell to produce the protein on its own. Viruses provide effective vectors for these nucleic acid-based deliveries, having evolved naturally to be capable of delivering their genetic cargo to infect the host cell and express new gene sequences [@B23]. This route has been extensively used for the introduction and incorporation of genes of interest into a host cell [@B24]. While largely outside the scope of this review, viral delivery methods pose significant issues for therapeutic applications, including inherently associated toxicity and immunogenicity, which challenges their feasibility as clinically safe and translatable systems [@B25]. Alternative transient delivery methods include use of cationic transfection agents such as Lipofectamine [@B26], [@B27] or polyethyleneimine (PEI) [@B28], or through mechanical methods such as electroporation [@B29] or membrane deformation [@B30]. However, in general approaches involving the delivery of DNA and mRNA do not offer control over the level of protein expressed by the cell or the timeframe over which protein expression occurs, typically resulting in a distribution of expression levels [@B25], [@B31]. This heterogeneity presents challenges for both fundamental biological studies and therapeutic dosing.

Direct delivery of proteins to cells can avoid the temporal and expression level issues presented by nucleic acid delivery strategies [@B25]. However, intracellular delivery has remained a challenge for researchers, and to date, this issue remains a generally unmet goal. Direct delivery to the cytosol is challenging [@B32], and endocytic uptake typically results in substantial sequestration and concomitant degradation by proteases, in particular the cathepsins [@B33]. Substantial effort has focused on the release of protein payloads from the endosome, as will be discussed further in Section 2. Additionally, a number of approaches have focused on direct delivery to the cytosol [@B34]. Physical methods such as electroporation have been used extensively and are well-documented approaches to achieving cytosolic protein introduction; however, there are critical limitations to their use for *in vivo* application [@B32].

Approaches utilizing supramolecular interactions have become prominent tools for achieving intracellular delivery of proteins of interest, with notable successes demonstrated in a variety of applications [@B25]. Several platforms have been developed for protein delivery, the foremost being nanoparticles, lipids, and polymeric systems [@B32]. In this review, we will highlight recent and landmark approaches to the intracellular delivery of proteins, focusing on supramolecular nanoassemblies utilized for intracellular protein delivery. We will discuss mechanistic aspects of delivery, along with applications, challenges, and outlooks for intracellular protein therapeutics.

2. Strategies for protein delivery {#Section2}
==================================

The cell membrane separates the interior of the cells from the extracellular environment and thus creates a discrete partition between internal and external environments [@B35] that limits direct intracellular delivery of most compounds to only small molecules and ions capable of membrane diffusion [@B36]. Large molecules such as proteins, polypeptides, and monoclonal antibodies are generally impermeable to the cell due to their high molecular weight, limiting access to intracellular targets [@B37], [@B38].

Cells access nutrients, signaling molecules and other exogenous species through endosomal uptake. This is the major cellular mechanism for trafficking across the plasma membrane, and often precedes either exocytosis or sequestration and degradation of the trafficked species (Figure [2](#F2){ref-type="fig"}). Cells can internalize foreign species through active transport "engulfing" mechanisms such as clathrin-mediated endocytosis [@B39], [@B40], phagocytosis [@B41], [@B42], micropinocytosis [@B43], and caveolae-mediated endocytosis [@B44], which result in varying levels of degradation, exocytosis, or endosomal release [@B45]. Nanocarrier systems have been studied as an avenue by which to promote cellular uptake of exogenous, potentially therapeutic cargo. Due to the overall anionic nature of the phospholipid bilayer, nanomaterials are commonly functionalized to carry cationic charge, which promotes general electrostatic interaction and uptake through endosomal mechanisms [@B32]. Certain nanomaterials are hypothesized to promote direct membrane translocation using cell-penetrating peptides or synthetic delivery vehicles. Unlike endosomal uptake, these approaches are considered passive mechanisms for trafficking across the lipid bilayer [@B46].

2.1 Endosomal uptake/escape approaches {#Section2.1}
--------------------------------------

Engulfment and concomitant entrapment within the endosome is by far the most common uptake mechanism for intracellular delivery. As this mechanism often leads to degradation pathways, endosomal entrapment is a major barrier to intracellular delivery of biomacromolecules and therapeutics. Proteins and other biomacromolecules themselves have no inherent ability to escape the endosome, and thus researchers have taken a variety of approaches to trigger release of the entrapped cargo.

The proton sponge effect (pH-buffering) is a potential endosomal disruption approach mediated by synthetic vectors with a high buffering capacity. In this process, the endosomal membrane ruptures due to osmotic pressure promoted by influx of H^+^ followed by counterions such as Cl^-^, resulting in rupturing of the endosome and release of the contents to the cytosol. Vectors intending to employ the proton sponge effect typically feature secondary and tertiary amines, which buffer the acid influx and protect the therapeutic [@B47]. It should be noted, however, that this mechanism has been questioned in recent reports [@B48].

Multiple additional strategies have been developed for triggering endosomal disruption [@B49], [@B50]. Engineered peptide sequences, such as GALA have been used to self-assemble across the membrane to create defined nanoscale pores, followed by the release of small molecules or proteins from the endosome [@B51]. The generally small size of these pores however limits diffusion to ions, small molecules, and proteins of up to \~5 kDa. Polymers can interact electrostatically with the lipid membrane and induce endosomal escape [@B52]. PEI in particular has been shown by atomic absorption spectroscopy to be capable of thinning or disrupting membranes [@B53]. This mechanism has been explored through molecular dynamics simulations with lipid membranes, showing a fundamental pathway for endosomal disruption by adsorption and insertion of the polymer into the membrane [@B54]. Many of these approaches though, including those which incorporate PEI, have shown notable toxicity to the host. Approaches that involve the use of pH-responsive functionalities respond to the acidic environment of the endo/lysosome, and trigger interaction of disruptive groups like -COOH or anhydride with the endosomal membrane [@B55], [@B56], [@B57]. However, the acidic environment required for these systems can also be harmful to the protein cargo, and furthermore the pH required for release may not be attainable until the cargo reaches the late endosome with its accompanying proteases. Regardless, endosomal escape approaches are typically hindered by low efficiency of release, which has to date limited their applicability.

2.2 Direct Membrane Translocation {#Section2.2}
---------------------------------

Direct membrane translocation serves as an alternative strategy to endosomal uptake for intracellular delivery of proteins. By avoiding the endosomal pathway entirely, these approaches circumvent issues associated with degradation of cargo and limited cytosolic release, generally enhancing delivery efficiency. [@B25] Typically, translocation occurs through multiple interactions, including lipophilic/hydrophobic switches and electrostatic interactions between components from the protein or nanocarrier, and the membrane constituents, which can lead to temporary membrane disruption [@B58].

Arginine residues, and more specifically their guanidinium functional moieties, are often critical for efficient membrane penetration in CPPs [@B59], [@B60]. As a result, guanidinium-functionalized delivery agents have been utilized to promote intracellular delivery. Based on the design of the materials, nano-scale vehicles with guanidinium-functionalities can create regions in the membrane that are locally repartitioned [@B61]. This change in the plasma membrane composition directs the formation of micellar pores in the membrane, which promote the direct trafficking of delivery cargo. While extensively postulated, to date this mechanism is still not fully understood, and remains largely speculative.

3. Protein Delivery Strategies {#Section3}
==============================

Numerous approaches have been taken in recent years to achieve the intracellular and ultimately cytosolic delivery of proteins. Among these carrier approaches, supramolecular methods have achieved notable success, largely through the use of nanomaterials including nanoparticles, polymers, and lipids. In the following sections we will discuss advances that have been made in recent years for intracellular delivery of therapeutic proteins using supramolecular assemblies. The introduction of an antigen-specific immune response by polymeric carrier systems [@B62], [@B63], [@B64] is a key challenge in biomedicine, but is largely outside the scope of this review due to the numerous different pathways and immunological processes involved.

3.1 Nanoparticles {#Section3.1}
-----------------

### 3.1.1 Silica {#Section3.1.1}

Nanostructures comprised of silica are among the most commonly-used nanomaterials for delivery, largely due to the versatility, flexibility, and relatively acute toxicity of silica itself [@B65], [@B66]. Kane et al. reported the use of hydrophobic smooth silica nanoparticles to immobilize functional proteins on the nanoparticle surface and deliver them into the cell [@B67]. In this work, 15 nm silica nanoparticles were functionalized with a hydrophobic moiety (n-octadecyltrimethoxysilane, n-ODMS) to encapsulate proteins through hydrophobic interaction. The authors delivered functional ribonuclease A (RNase A) and the antibody against phosphor-Akt (pAkt) to MCF-7 breast cancer cells as well as rat neural stem cells and demonstrated the initiation of cell death in both cases.

Mesoporous silica nanoparticles (MSNs) are nanoscale silica particles featuring networks of mesopores that are capable of encapsulating proteins and/or small molecules [@B68], [@B69]. Their versatility, low inherent toxicity, and high loading capacity has made them attractive carrier vehicles for protein delivery. Mou et al. utilized modified MSNs for delivering two antioxidant enzymes, superoxide dismutase (SOD) and glutathione peroxidase (GPx), as a synergistic co-delivery approach to enhance scavenging of reactive oxygen species (ROS) [@B70].

In a recent study by Kros et al., MSNs were developed that effectively delivered proteins [@B71]. In this work, 230 nm MSN-based nanovehicles were developed using 10 nm MSNs coated with a lipid bilayer which contained lipopeptides to facilitate fusion with the cell membrane. The core MSNs were loaded with cytochrome C (CytC) as a delivery cargo and were then encapsulated within the bilayer. The lipid bilayers as well as the cell membrane were pre-treated with complementary coiled-coil lipopeptides, which led to efficient delivery of CytC and subsequent apoptosis of cells. (Figure [3](#F3){ref-type="fig"}) While the apoptosis indicated that some CytC was available in the cytosol, the punctate fluorescence and lack of protein in the nucleus indicated the majority of CytC remained sequestered in endosomes.

Hollow MSNs (H-MSNs) are hollow core-mesoporous shell structures that offer increased loading capacity, low density, and large pore volume [@B72]. In a study by Kim et al. H-MSNs were developed that were capable of endosomal delivery of FITC-labeled proteins of different size and charge to HeLa cells [@B73]. Delivery efficiency in this study was shown to be over 20-fold higher than that of traditional MSNs, as evaluated through fluorescence, though this delivery was also primarily endosomal in nature.

Roughening of the silica nanoparticle surface provides a strategy for increased protein cargo loading. Yang et al. used roughened particles with octadecyl-decorated hydrophobic surface modifications to achieve intracellular delivery [@B74]. These rough silica nanoparticles (RSNs) showed an increased surface area of \>200% as compared to smooth silica nanoparticles (SSNs) of similar overall size. In a comparative cell uptake study using MCF-7 and SCC-25 cells, RSNs loaded with RNase A triggered significantly decreased cell viability as compared to cells treated with RNase A-loaded SSNs, demonstrating the effect of increased delivery of active protein as an effect of enhanced loading capacity. In this study the authors also examined endosomal release within the cell and demonstrated that while surface functionalization and roughness both contributed to enhanced uptake, only surface functionalization could trigger enhanced endosomal release of protein into the cell.

### 3.1.2 Gold Nanoparticles {#Section3.1.2}

Gold nanoparticles (AuNPs) provide promising delivery platforms for proteins and small molecules due to the inherent non-toxicity of gold, and their ease of functionalization with a wide variety of ligands. [@B75], [@B76]. One study by Rotello et al. utilized functionalized AuNPs for the intracellular delivery of a large membrane-impermeable enzyme, β-Galactosidase (β-Gal) [@B77]. This enzyme has a high molecular weight (473 kDa), and is negatively charged, making its delivery into cells particularly challenging. The authors utilized gold nanoparticles with a 2.5 nm core, functionalized with ligands featuring an alkylic segment for core stability, a tetraethylene glycol (TEG) moiety to prevent non-specific interactions, and a cationic His-Lys-Arg-Lys (HKRK) peptide tag to promote protein binding. AuNP-β-Gal interaction was monitored through fluorescence quenching of fluorophore-labeled protein. These complexes delivered their protein cargo into HeLa cells and displayed enzymatic activity as monitored by X-Gal assay. Punctate fluorescence was observed with this approach however, indicating entrapment in either endosomes or other vesicular compartments.

New approaches that integrate the functionality of nanoparticles with the membrane-compatibility of lipids have shown success in a number of protein delivery applications. In further work by Rotello et al., nanoparticle-stabilized capsules (NPSCs) were developed using gold nanoparticles functionalized with the HKRK ligands. HKRK-AuNPs were used as interfacial stabilizers in a colloidal solution of linoleic acid-based micelles, to form Pickering-type emulsions, names nanoparticle stabilized nanocapsules (NPSCs) [@B78]. NPSCs were loaded with protein cargo and demonstrated as effective vehicles for the delivery of model protein (green fluorescent protein, or GFP), and active therapeutic protein (caspase 3) as evidenced by confocal microscopy, and a significantly enhanced cellular apoptotic ratio, respectively. Notably, live cell video imaging was used to demonstrate that these NPSC systems deliver their protein cargo through a direct \'membrane-fusion\'-type mechanism, avoiding endosomal entrapment without causing toxicity to the cell. Follow-up work demonstrated a modified version of this system to be capable of delivering the β -Gal enzyme as well [@B79].

Rotello et al. more recently developed a two-component protein-nanoparticle system, achieving direct cytosolic protein delivery [@B80]. In this report, 2 nm gold nanoparticles were functionalized with arginine-presenting ligands (ArgNPs) and electrostatically interact with co-engineered proteins modified to present an oligo-glutamic acid tag (E-tag) at the C-terminus. The localized anionic charge on these proteins was utilized as a complement to the cationic charge on the surface of the gold nanoparticles in a carboxylate-guanidinium interaction, to form self-assembled supramolecular \'nanoassemblies\' which featured multiple layers of structural hierarchy. Notably, multiple proteins were evaluated for delivery, all with varying size and pI values, and five different fluorescently-labeled, E-tagged proteins were delivered into the cell (GFP, Histone 2A, Granzyme A, Cre recombinase, and Prothymosin-α), demonstrating this as a general system for direct cytosolic protein delivery. The authors observed fluorescent spread of these proteins throughout the cytosol within 30 s and into the nucleus within 90 s, confirming delivery through a transient, \'membrane-fusion\'-type mechanism (Figure [4](#F4){ref-type="fig"}).

Genome editing is an area of research in which gold nanoparticles have been extensively explored for delivery of active proteins. Clustered, regularly-interspaced short palindromic repeats (CRISPR) is a revolutionary technology that has been pioneered in recent years for its ability to selectively interrogate and edit the mammalian genome using a bacterially-derived nuclease protein. Cas9 protein needs to access the nucleus of the host cell to function as a nuclease, and endosomal entrapment is therefore a major barrier to CRISPR/Cas9 delivery. This challenge is exacerbated by the need for guide RNA and frequently a donor strand of DNA as well, each of which must be either co-delivered as a separate vector or delivered precomplexed with Cas9 [@B32]. In a follow-up to their previous study [@B80], Rotello et al. applied their ArgNPs-based protein delivery system for the cytosolic introduction of the CRISPR/Cas9 machinery into mammalian cells [@B81]. In this approach, the authors modified the Cas9 protein with a poly-E-tag, as in their previous study, and pre-complexed this with the single guide RNA (sgRNA), forming the ribonucleoprotein (RNP). E-tagged Cas9 was complexed with ArgNPs utilizing the carboxylate-guanidinium interaction, to form self-assembled complexes of \~300 nm. Protein delivery was optimized through fluorescent conjugation and confocal microscopy analysis, achieving up to \~90% delivery in the cytosol and nucleus of HeLa cells. Delivery of the active protein achieved up to \~30% gene editing efficiency of the *PTEN* and *AAVS1* genes.

In a recent study, Murthy et al. developed a nanocarrier known as \'CRISPR-Gold\' to introduce the CRISPR/Cas9 editing machinery into the cell through endosomal uptake and polymer-mediated release [@B82]. CRISPR-Gold was constructed around a 15 nm AuNP core, functionalized with 5\' thiol modified single-stranded DNA. These customized DNA strands held the donor DNA template through complementary base-pairing. Cas9 protein, pre-complexed with its sgRNA molecules were then associated to the complex through electrostatic interactions. Finally, the CRISPR-Gold complex was encapsulated within a silicate/polymer coating to provide stability in a biological environment, and endosomal disruptive ability (Figure [5](#F5){ref-type="fig"}a). CRISPR-Gold demonstrated \>10% repair efficiency in a fluorescent reporter cell line, and 5.4% efficiency following direct injection in a murine model of Duchenne muscular dystrophy. The animals also showed a concurrent physiological response to the purported repair of the dystrophin mutation, with enhanced muscular capability (Figure [5](#F5){ref-type="fig"}b and [5](#F5){ref-type="fig"}c).

In a follow up study performed by Lee et al., CRISPR-gold was intracranially injected to a murine model of fragile X syndrome demonstrated \~15% knockout efficiency of the *MGLUR5* gene, and significantly enhanced behavioral response compared to diseased mice [@B83]. These studies collectively represent a significant advancement in the delivery of an active therapeutic protein, and the co-delivery of nucleic acids, which is often a challenge itself.

3.2 Polymers {#Section3.2}
------------

Polymeric carrier systems can be modified in a highly reproducible and scalable manner to include moieties that promote specific functionality, including cellular uptake, biological stability, and substrate-specific affinity. Polymeric carriers can be designed to directly interact with the protein therapeutic, or to encapsulate the cargo within polymeric micelles, colloids, rods or gels. The following will discuss some noteworthy examples of polymeric nanocarrier systems for intracellular delivery.

Self-assembly of amphiphilic polymers into micelles is one of the most commonly used supramolecular architectures for delivery systems. For protein delivery, the polymeric micelles are often designed to be responsive to environmental triggers such as pH, temperature, or chemical triggers such as glucose concentration [@B84], whereby the polymeric carrier disassembles in response, releasing the cargo. Liu et al. designed a pH-sensitive micelle using a degradable block copolymer [@B85]. The authors designed the micelles to have a negative zeta potential in the physiological pH range, which could potentially enable increased circulation time and decreased non-specific uptake, but to switch to a positive charge under acidic conditions (such as are often associated with diseases like cancer and ischemia), allowing rapid cellular uptake in disease-relevant tissue. The authors labeled the polymer with Cy5.5, a far-red dye, and delivered albumin as a model protein to rats which exhibited focal cerebral ischemia, through intravenous injection. Near Infrared Fluorescence (NIRF) imaging of the brains demonstrated fluorescence intensity only in the ischemic area of the brain (Figure [6](#F6){ref-type="fig"}, right hemisphere).

In an interesting study, Thayumanavan et al. took a different approach and used polymeric nanogels to bind and deliver proteins intracellularly [@B86]. They used their nanogel to concurrently deliver protein and a small lipophilic molecule, the simultaneous delivery of which is typically challenging due to the two having opposing supramolecular host requirements. The authors achieved this codelivery by creating and utilizing the hydrophobic interior of the gel to host lipophilic guest molecules, with the proteins bound to the surface of the gel through complementary electrostatic interactions. Using this method, the authors were able to efficiently deliver functional β-gal to HeLa cells.

Tew et al. used a polyoxanorbornene-based system as a synthetic mimic of traditional CPPs to deliver therapeutic protein [@B87]. In this study, the authors created a small library of these mimics with identical chemical composition but varied the hydrophobic/hydrophilic monomer segregation by creating a block copolymer, a gradient copolymer and a non-segregated homopolymers *via* ring opening metathesis polymerization (ROMP). This polymer contained both hydrophobic and cationic domains, with the hydrophobic region containing phenyl-functionalized repeat units, and the cationic segment containing guanidinium-rich regions to mimic the properties of a CPP. They established that the block copolymer was able to achieve better efficiencies in both protein binding and delivery. They then demonstrated this polymer\'s ability to efficiently deliver active Cre recombinase, which achieved gene recombination in a Jurkat T cell reporter line. Cheng et al. have functionalized phenyl and biguanide moieties onto branched polyethylenimine (bPEI) and successfully delivered proteins with reasonable efficiency to the cytosol [@B88]. Taken together, guanidium functionalities provide the capability of translocating proteins with different molecular weights and pI into HeLa cells without degradation.

Dendrimers are repetitively branched spherical polymeric molecules that have been explored as delivery agents for drugs, nucleic acids and proteins. Cheng et al. have screened highly efficient fluoroalkyl or fluroaromatic functionalized amine-terminated poly(amidoamine) (PAMAM) dendrimers for *in vitro* protein delivery [@B89], [@B90]. Fluoroalkyls or fluoroaromatic functional groups are functionalized onto these vehicles to take advantage of the fluorophilic effect, whereby they are able to self-assemble into nanomicelles or nanoaggregates in aqueous solutions [@B91]. After screening, the best fluoroalkyl PAMAM was then coated with an anionic hyaluronic acid shell and demonstrated high efficacy for cancer therapy in a murine breast cancer model. These systems were used for delivery of proteins of varying size and pI, including BSA, β-Gal, saporin, and a cyclic hendecapepide. In another study, Cheng et al. demonstrated the delivery of R-phycoerythrin (R-PE, 240 kDa) and β-Gal by using guanidinobenzoic acid functionalized dendrimers [@B92]. Benzoic acid and guanidyl functionalized dendrimers were also utilized as controls, demonstrating that both the guanidyl and phenyl groups were essential for intracellular protein delivery as mediated by the dendrimer (Figure [7](#F7){ref-type="fig"}).

3.3 Lipid-Based Delivery {#Section3.3}
------------------------

The mammalian cell membrane is an inherently lipid-based barrier. Lipid-based strategies for intracellular protein delivery are thus advantageous not only for their composition, but further for their ability to encapsulate delivery cargo, which often circumvents the need for cargo modification. There are however limitations to lipid-based systems in a therapeutic context, including low stability in physiological conditions and potential toxicity [@B93].

Pitard et al. reported a guanidinium-cholesterol cationic lipid within a polymer shell to deliver active β-gal and the anti-cytokeratin8 (K8) antibody intracellularly [@B94]. Notably, different lipid/protein ratios showed different formations of supramolecular assemblies, as observed by cryo-transmission electron microscopy, with the optimized liposomal construct demonstrating intracellular delivery of K8 antibody to 67% of HeLa cells. This system was evaluated for its therapeutic capability in a cystic fibrosis model HeLa cell line carrying the characteristic ΔF508 mutation in the cystic fibrosis transmembrane regulator gene (CFTR) and its associated protein. Delivery of the active K8 antibody to these cells has demonstrated to prevent disease progression through inhibition of the misfolded CFTR protein. Using this delivery system, the authors demonstrated regulated chloride efflux, consistent with regulation of the cystic fibrosis disease state, providing a tool for the study of CFTR protein channel functionality. In this study, a lipid endosomal disruption agent was used, but it was still postulated that many of these protein lipoplexes were trapped within endosomes, as indicated by the highly punctate fluorescence. (Figure [8](#F8){ref-type="fig"}).

A recent report by Xu et al. utilized lipid-like nanoparticles to facilitate CRISPR/Cas9 delivery to the brain for therapeutic gene editing [@B95]. In this work, lipid-like nanoparticles were developed which were self-assembled between lipid and protein through electrostatic interaction. Twelve bioreducible lipids molecules were synthesized *via* Michael addition of various amine and acrylate moieties that featured disulfide functional groups and long hydrophobic alkyl carbon chains. These bioreducible lipids interact electrostatically with recombinant proteins, which were fused with superpositively-charged GFP, to form lipid/protein nanocomplexes. These lipid-like NPs were purported to deliver into the cell through clathrin-mediated endocytosis, based on the results of endocytic inhibitor assays. Following endosomal escape, the cargo was released from the carrier following cytosolic reduction of the disulfide moiety and was able to efficiently traffic into the nucleus. This strategy was utilized for the intracellular delivery of the CRISPR/Cas9 RNP in GFP-expressing human embryonic kidney (HEK) cells, with a knockout efficiency of over 50% *in vitro*. This strategy was particularly notable because the inherent anionic charge of the Cas9 RNP eliminated the need for the supernegative GFP in the assembly. The authors further expanded this study to perform Cre recombinase-mediated gene editing of brain cells in a Rosa26tdTomato mouse model. The assemblies were formed and directly injected to various regions of the brain, 6 days after which cells were extracted, and it was found that \~350 cells in a 0.5-mm^2^ brain area were tdTomato+, confirming effective intracellular delivery of active Cre recombinase to brain cells in a murine model. Localized injection, as mentioned, provides an effective method for *in vivo* introduction of therapeutics and is especially useful for labile lipid-based approaches. However, these methods are also limited in translatability and practicality as compared to systemic administration. To date however, a limited number of approaches have been developed which can achieve specificity for a specific locale or cell type *in vivo*.

Jiang et al. approached CRISPR/Cas9 delivery by adding a functionalized HIV-1-transactivator of transcription peptide (TAT peptide) onto the core of gold nanoclusters (TAT-GNs) [@B96]. The cationic TAT-GNs were mixed with Cas9 proteins and plasmids containing sgRNA to form a ternary complex (GCP) through electrostatic interactions. The GCP were further encapsulated in an anionic lipid shell for endosomal escape and followed by post-functionalization with polyethylene glycol‐phospholipids (DSPE-PEG) to form LGCP (Polyethylene glycol-lipid/GNs/Cas9 protein/sgRNA plasmid). The LGCP nanoparticles achieved more than 70% down-regulation of the Plk1 protein, which resulted in 19.4% apoptosis in an A375 cell line. In addition, the progress of tumor growth was reduced by 75% as compared to a control group after intratumoral injections of LGCP nanoparticle on melanoma model BALB/c mice.

Cell specificity for non-local administration of protein therapeutics *in vivo* is a significant challenge to intracellular delivery approaches, and it is notable that several systems have recently been reported to have achieved success in this field. Anderson et al. employed the use of cationic lipidoids to deliver the anionic oligonucleotide-attached horseradish peroxidase and NeutrAvidin (a deglycosylated version of the avidin protein) *in vitro* [@B97]. Furthermore, this LNPs-based treatment showed specific uptake in dendritic cells, macrophages, and monocytes within the spleen of C57BL/6 mice after repeated intravenous injection. *In vivo* targeting to disease-relevant tissue has been explored extensively in recent years, and remains a significant issue in therapeutic protein delivery, however is largely outside the scope of this review.

4. Summary, Challenges and Outlook {#Section4}
==================================

The surge of new technologies in the field of protein delivery has opened the potential of protein therapeutics to treat various diseases including diabetes, cancer, and inflammatory diseases. As compared with traditional small-molecule drugs, protein therapeutics offer high specificity, and the ability to treat "undruggable" targets, in a wide range of diseases. Currently, nearly all existing commercially available protein therapeutics are developed for extracellular targets, and while intracellular delivery of proteins would significantly broaden their utility, protein internalization poses a significant limitation to the field due to inefficient membrane permeability and/or endosomal escape. This hurdle has inspired a number of intracellular protein delivery strategies.

Proteins are labile, and susceptible to denaturation, degradation and aggregation - making it challenging to design effective protein delivery methods. Additionally, proteins have limited ability to cross cell membranes due to their large size and surface change distribution, and so require incorporation into a delivery vehicle to aid intracellular delivery. As protein structure is: a) highly specific, b) required for pharmacological activity, and c) variable between proteins, designing generalized delivery methods becomes complicated. Even for many of the most effective intracellular delivery platforms, endosomal entrapment remains a major hurdle, limiting access to the cytosol to a fraction of the total cargo.

Methods to control and design specific supramolecular interactions *via* protein engineering, such as the introduction of E-tags, have proven a simple method to allow for the delivery of various proteins using a single carrier platform. This is an exciting step forward for the field as it inherently simplifies the design of the delivery vehicle and makes it widely applicable. While challenges remain to the field of intracellular protein delivery, great advances such as these have been made in recent years in the development of new carrier systems capable of unprecedented efficacy in biologically-relevant situations and should prove revolutionary in scope to therapeutic and diagnostic purposes in the years to come.
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![Key outcomes and applications enabled by cytosolic delivery of proteins.](thnov09p3280g001){#F1}

![Schematic representation of selected intracellular trafficking mechanisms across the plasma membrane, and their generalized pathways.](thnov09p3280g002){#F2}

![Confocal images (a-c) and transmission electron microscopy images (d-e) showing endosomal delivery of Atto488-labeled CytC into HeLa cells by MSNs, scale bar = 25 μm. (Adapted with permission from Ref. 71 Copyright (2017) John Wiley and Sons).](thnov09p3280g003){#F3}

![(a) Engineered proteins carrying an E-tag on either N- or C-terminus, and the design of the arginine functionalized gold nanoparticles. (b) E-tag proteins and ArgNPs interact electrostatically and form hierarchical nanoassemblies. (c) Representative transmission electron micrograph (TEM) of GFP-E10:ArgNPs assemblies. Red arrows show the nanoparticle coating on the nanoassembly surface. (d) Delivery of Cas9-RNP *via* a membrane fusion mechanism. (e) Confocal microscopy images showing nanoassembly-mediated cytosolic delivery of E-tagged proteins *in vitro*. Scale bar = 20 μm. (Adapted with permission from Ref. 80 Copyright (2017) American Chemical Society).](thnov09p3280g004){#F4}

![(a) Generation of CRISPR-Gold. (b) CRISPR-Gold-injected muscle of mdx mice showed dystrophin expression (immunofluorescence), whereas control mdx mice did not express dystrophin protein. (c) CRISPR-Gold reduces muscle fibrosis in mdx mice. Trichrome staining was performed on the tibialis anterior muscle cryo-sectioned to 10 μm two weeks after an injection of CRISPR-Gold. CTX was co-injected in all three groups of mdx mice. Images were acquired at the areas of muscle injury and regeneration. Fibrotic tissue appears blue, while muscle fibers appear red. Wild-type mice treated with CTX were analyzed five days after injection. (Adapted with permission from Ref. 82 Copyright (2017) Macmillan Publishers).](thnov09p3280g005){#F5}

![*In vivo* diffusion-weighted MRI (DW-MRI), and near-infrared fluorescence (NIRF) images show albumin-Cy5.5 accumulated at a significantly higher amount in group A (PEG-PAE-API-albumin-Cy5.5) as compared to group B (albumin-Cy5.5 only) at 30 min and 3 h after intravenous injection. (Adapted with permission from Ref. 85 Copyright (2012) Elsevier Science).](thnov09p3280g006){#F6}

![Schematic illustration showing the structure of the guanidinobenzoic acid functionalized dendrimers and their features in intracellular protein delivery. (Adapted with permission from Ref. 92 Copyright (2017) American Chemical Society).](thnov09p3280g007){#F7}

![(a) Cryo TEM images demonstrate the structure of cationic lipid/K8 antibody complexes, scale bar = 0.5 μm. (b) Endosomal cellular delivery of the FITC-K8 antibody by liposome, scale bar = 10 μm. (Adapted with permission from Ref. 94 Copyright (2015) Elsevier Science).](thnov09p3280g008){#F8}
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